The problem here is to reduce the separation sites to micron size due to the low molecular diffusion speed in the liquid phase; also to do this, the challenge is to eliminate various kinds of solvents that flow into a mass-detector at 10 4 -10 12 times the quantities of the analytes. To remove the barrier between LC and GC, we are developing, two phase flow liquid chromatography (2PFC) system that causes minute droplets of the liquid mobile phase to be formed in the carrier gas flow.
Some physical conditions that form an annular condensation flow style and an alternating disconnected nano-volume plugs flow style have been described in previous papers.
1,2 HMGC, APFLC, 2PFC and β (bulk fraction) are provisional terms coined by us.
APFLC is formed on a coated resin solid with a solubility parameter of below 18.3 MPa 1/2 or a water contact angle of above 75 , and is achieved by the conditions of the limited surface tension of the liquid mobile phase and the limited β range. The APFLC system has the feature of extremely high resolution induced from the plug flow and low pressure loss caused by the low friction of an intermittent flow style. APFLC/EI-MS system substantially enables LC analysis that does not require a high-pressure liquid pump by slightly modifying a commercially available GC/EI-MS searchable system due to very small pressure loss. In addition, the sensitivity of the EI mass detector maintains a constant ionization ability to demonstrate the mass pattern because of the large void fraction with a mobile phase of 99.5% or more.
When a mixed solvent is used, the mobile phase can be turned into alternative plugs flow by using a T-shaped flow path. This is the second method. The T-shaped flow path method shows an extremely high resolution capability, caused by high-numericaldensity plugs flow when the liquid phase includes organic solvents.
A marked tendency for hydrolytic degradation was found for the solid phase if it is composed of various silicone polymers. Since all organic and inorganic silicate compounds have more or less no resistance to hydrolytic degradation, the silicone coatings of the capillary column should be replaced by other polymer coatings with water contact angles of between 75 and 90 .
Theory

Forming of alternative plugs flow using the T-shaped flow path method
The apparatus used for forming the alternative sequence of liquid masses employs a flow-path structure in which the two mobile phases meet. The vapor condensation method can be used for forming plugs flow when only a single solvent is introduced into the apparatus. When a mixed solvent is to be fed from a HPLC pump attached with the 1/100 splitter for feeding the liquid in very small amounts, the solvent is introduced into a very thin T-shaped flow path and the carrier gas is introduced from the other end. The other end is connected to a separation column. Using a T-shaped flow path converts the moving state of the medium in the capillary column into alternative plugs flow in which the carrier gas and the solvent intermittently alternate. A schematic concept of the T-shaped flow path is shown in Fig. 1(1) .
The most promising method is an on-off-pumping method that is a mechanically controlled method for the generation of intermittent stable quadrilateral plugs flow in a capillary column, The vapor condensation method can be used for forming an alternative flow of liquid masses using a single solvent for alternative plugs flow liquid chromatography (APFLC), described in our previous paper. APFLC is more effective when adopting a T-shaped flow path and aqueous-organic solvents with a liquid-to-gas volume ratio (bulk fraction; β) ranging between 0.0006 and 0.004 in an open tubular GC capillary column at below 70 C. High-density plugs flow by a T-shaped flow path leads to extremely high resolution. Alternative plugs flow is formed when the liquid contact angle to the solid phase is above 75 . An aqueous mixture of the usual HPLC solvent can be readily used for APFLC. An EI-mass spectrum is obtained that is comparable with that in the NIST library, except for the DMF mixture medium. Due to low-pressure loss properties in the column, the system does not require a high-pressure liquid pump. Solid hydrocarbon resin with a contact angle to water of between 75 and 79 , such as polystyrene and olefinic polymers, is anticipated to be applicable to APFLC and hydro-membrane gas chromatography (HMGC) by a consideration of their surface tensions. Fig. 1(2) .
Mixed carrier solvents for APFLC using a polysiloxane solid
By using a T-shaped flow path, both a single solvent and a mixed solvent as liquid phase are usable for APFLC. The relationship between the contact angle and the two surface tensions is derived in Eq. (1), rearranged into the γL notation, and Eq. (2) with cos θ notation,
where γS is the surface tension of the resin in the vapor, γL the surface tension of the liquid, θ the contact angle on the resin by a liquid drop and Φ the coefficient of G-G. The Φ value with water has been confirmed to be 0.85 for non-polar poly(dimethylsiloxane) resin and 1.0 for a slightly-polar polysiloxane resin. These values are within the range of 0.6 to 1.1, as shown in Table 1 of our previous paper.
The surface tension of a two-liquid mixture is often expressed as the sum of the products of each surface tension with their molar volume fractions, according to Eq. (3). 3 The following equation is applied to prepare the wetting-test standard solution.
where γLm is the surface tension of the mixture, X1, X2 the molar volume fractions of solvents 1 and 2, respectively, and γL1, γL2 the surface tension of solvents 1 and 2, respectively. Since the surface tension (γL) of an organic solvent can be controlled by dilution with water, if an aqueous mixture is necessary for reasons of solubility, many commonly used solvents with a γL of between 25 to 40 mN m -1 , such as acetonitrile, dimethyl formamide (DMF), methanol and ethanol with water, can be used. Table 1 gives the volume fractions of water in the various aqueous mixtures to achieve the optimum contact angle of 90 with poly(dimethylsiloxane) as a non-polar column. The physical properties of some polymers and solvents are referred from the literature. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] To achieve a 77 contact angle, the adequate contact angles for APFLC of aqueous solvents with the solid of the poly(20% phenyl/80% dimethylsiloxane) column with δ = 15.8 MPa 1/2 , γS = 27.6, and Φ = 1, the water contents of the various aqueous solvents commonly used in HPLC are also given in Table 1 .
Non-hydrolytic degradation capillary column by non-silicone polymers
Since APFLC is governed by the contact angle of a solid with a liquid, resin with a contact angle to a solvent of above 75 is usable for APFLC. The resin with a low Φ-coefficient and a low surface tension given in Table 2 can be used to the capillary column if it can be prepared for cross-linkable column coatings.
Resins with small solubility parameters (δ), of the industrial general-purpose resins plotted in Fig. 2 , were compared for water contact angles. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] In APFLC, the solvent solubility parameter needs to be smaller than 18.3 MPa 1/2 . In the figure, the polystyrene is positioned on the upper limit of a hydrophobic property. On the other hand, PTFE is lopsided in the range of water repellency. According to the graph, polystyrene, PP, PE, PIB and their copolymers have potential for applications to both HMGC and APFLC by cross-linking modifications.
Theoretical plates of the separation in APFLC
The mass transfer on the flow axis by diffusion is stopped by each end of the plugs in APFLC. The band-broadening phenomenon in the separation field does not occur. The addition of sonic vibration is desirable to promote mixing, which is expected to reduce the inherent property of lagging diffusion in the plugs formed in a commonly-used column size, such as 0.25 mm diameter, and further promotes the downstream motion of the plugs. These features produce an extremely large number of theoretical plates, exceeding 600000, even when using only an effectively two-meter capillary column of 0.25 mm inner diameter.
Since the interactional diffusion mechanism in the narrow separation zone is common to GC and LC separation, an appropriate thickness of the solid phase (Df), a small flow rate (u) and a thinner plug thickness (TP) are basic requirements to balance the back-and-forth of the diffusion of the analyte at right angles to the flow path. The diffusion coefficient in a solid phase is nearly equal to that in a liquid. The arrival time via diffusion is estimated using the Einstein diffusion equation shown in Eq. (4). 16 The balanced diffusion time of an analyte in a solid phase to obtain high resolution is related to the transit time of the plug at the separation site, so the diffusion time of an analyte should be shorter than its back-and-forth diffusion time,
where Td is the diffusion time of the analyte, Df the thickness of the solid phase in the column, Dm the longitudinal diffusion coefficient of a molecule in a liquid or solid, TTP the time taken to pass a point on the solid phase from the head to the end of a plug, and DP the density of the plugs flow (number of plugs s -1 ). The diffusion coefficient of n-hexane molecules in a non-polar silicone solid phase (OV-1) was observed to be 4 × 10 -4 mm 2 s -1 at 75 C. 16, 17 The round-trip time of diffusion (2Td), equivalent to twice the thickness of the solid phase (2Df), is estimated to be 0.63 ms for a Df of 0.5 μm and 2.5 ms for a Df of 1.0 μm. Since the order of TTP has a similar value to the above diffusion time of an analyte molecule, the appropriate liquid-solid partition used to provide optimal separation will be adjustable according to the plug design.
The number of theoretical plates (NTP) in APFLC separation can be written by replacing the terms relevant to the retention time and the peak with the plug numbers,
where N is the number of theoretical plates, tR the retention time of the peak position(s), m the total number of plugs at the peak position, and n the total number of plugs containing the analyte in the vicinity of the peak position. An appropriate thickness of the solid phase and the thickness of the plug, which needs to be balanced with the diffusion time of the analyte, are needed for a higher resolution analysis.
Reducing friction in a capillary column
The pressure drop of continuous flow is expressed by Poiseuille's law as Eq. (7). 18 In two-phase flow, the pressure drop is described as Eq. (8) by Storec and Brauer:
where ΔPCont.F is the pressure drop, μ the dynamic viscosity of the liquid, L the length of the column, Q the flow rate, d the inner diameter of the column, ρ the averaged density of the liquid, and π = 3.14. When continuous capillary flow exists, the pressure drop is inversely proportional to the fourth power of the diameter, but the pressure drop in the two-phase flow only relating to the diameter term reduces it by 10 2 times or more, as shown as Eq. (8). 19 To lower is the frictional resistance, ultrasonic or sonic is effective for assisting the motion of the plugs in the column in the downstream direction.
Experimental
Equipment
A schematic diagram of the APFLC system is shown in A JEOL DX303HF magnetic-field mass spectrometer equipped with an EI + ion source and a large diffusion pump were used for detection, and the DA5000 data system was used for data processing and an Agilent 6890 GC-system for flow controlling of carrier gas. The EI + ionization conditions were 70 eV and 300 μA at a chamber temperature of 200 -250 C. Part of a Shimadzu LC-9A HPLC system was used as a water-supply pump for APFLC.
Sonic vibration was applied via an ultrasonic water bath (39 kHz, ~100 W) or an assembly incorporating commercially available sonic toothbrushes (340 Hz).
GC columns
The Figure 3 (a) shows the state of the alternative plugs flow formed when using the above-mentioned T-shaped flow path. Helium, the carrier gas, was supplied at a rate of 0.16 ml min -1 and the solvent, 10% DMF, was supplied at a rate of 0.1 μl min -1 . In addition, ultrasonic vibration with an output of about 30 W and 39 kHz was applied to a capillary column inserted in the water bath maintained at 50 C. The applied column was a poly(dimethylsiloxane) stationary phase and was 10 m in length and 0.1 mm in inner diameter. The constructed flow ratio, due to a β value of 00063, was in the APFLC mode.
Results and Discussion
Forming of alternative plugs flow by the T-shaped flow path method
The occurrence of an alternative plugs flow was confirmed from the mass chromatograph, which showed a change in the amount of ions corresponding to the DMF in the MS detector. The intermittent flow gradually stabilized after 15 min, and the solvent was in the plugs state at intervals of 3 s (Dp = 0.33). In this figure, it was observed that the peak intervals were gradually compressed. The reasons for this were that the GC apparatus is controlled at a constant flow rate. Therefore, it was confirmed that the gas-liquid alternating interval should be regulated by a constant pressure controller of the GC apparatus. Figure 3(b) shows the state of the high-density alternative plugs flow formed using the above T-shaped flow path. As the medium, helium gas was supplied at a rate of 0.1 ml min -1 and 10% DMF-water at a rate of 0.1 μl min -1 , and ultrasonic vibration was applied to the capillary column at 50 C using a TC-1 non-polar silicone column 1 m in length and 0.15 mm in inner diameter. The T-shaped flow path caused a rapid formation of plugs due to the micro-stop and flow-path structure, and generated high-density alternative plugs flow at extremely short time intervals, such as the 2.9 plugs per second (Dp = 2.9) shown in Fig. 3(b) . Figure 4 shows a mass chromatogram of directly injected TBP. The measurement was done using the method for outflow directly connected to an interface heated to 50 C.
High-resolution chromatography using the T-shaped flow pass method
The solubility parameter (δ) of the solid phase was 15.8 MPa 1/2 . The 0.02 μl of acetone solution was on-column injected using the capillary tube manual injector, employing the glass two-way column connectors described in the previous paper.
To accelerate the plugs flow, carbon dioxide was dissolved and ultrasonic vibration at about 10 W and 39 kHz was applied to the part of the capillary column inserted in the ultrasonic water bath maintained at 50 C.
It is evident that the apparent number of theoretical plates of the sharp TBP peak in the mass chromatogram of m/z 330 may exceed 600000. The result shows the liquid-solid partition and separation at a column temperature of 50 C had occurred due to APFLC. As for the mass spectrum of TBP, almost the same fragment pattern and the same isotope pattern as in the NIST library were obtained under these APFLC conditions. Figure 5 shows a mass chromatogram of an acetone solution mixed with about 1000 ppm of TBP and TNP using the T-shaped flow path method for generating alternative plugs flow formed by the 10% DMF liquid phase. The contact angle of 10% of DMF with non-polar dimethylsilicone resin was observed to be 90 , as given in Table 1 .
High-resolution chromatography using the T-shaped flow path method and aquatic organic solvent
The column was a poly(dimethylsiloxane) capillary column with an inner diameter of 0.15 mm and a length of 1 m. The solubility parameter (δ) of the solid phase was 15.2 MPa 1/2 . A 0.01-μl portion of sample solution was on-column injected using the capillary tube manual injector employing glass two-way column connectors. The mobile phases flowed through, while helium gas was supplied at a rate of about 0.1 ml min -1 and 10% aqueous solvent at a rate of 0.4 μl min -1 to obtain a β value of 0.004. Since the flow rate of the carrier gas was held at the lower limit of the GC system, the above value for flow conditions is uncertain. The injection port, column oven, and the MS interface connected to the EI + MS ionization chamber heated at 200 C were maintained at 50 C. To accelerate the plugs flow, carbon dioxide was dissolved and a 350-Hz sonic vibration with an output of less than 1 W was directly applied to the entire capillary column by attaching 4 sonic toothbrushes to the GC oven held at 50 C.
In Fig. 5 , the TIC chromatogram shows high-density plug flow at 78 plugs min -1 (1.3 plugs s -1 ) due to excessive dissolution. Based on β values of about 0.004 as an average value, the volume of plugs, the thickness of plug, and the interval distance of plugs were calculated to be 5.1 nl, 0.65 mm and 164 mm, respectively.
It was confirmed that TBP and TNP were eluted at 5321 scans (17.75 min) and 5370 scans (17.90 min). In the m/z 330 mass chromatogram used for TBP monitoring, the apparent number of theoretical plates for the TBP peak appeared to exceed 100000000 on the assumption that the width of the peak base was 2 scans, including one plug. On the other hand, the second peak by TNP observed in the mass chromatogram of m/z 229 was obtained as a set of double plugs at 5367 and 5370 scans. The apparent numbers of theoretical plates of the TNP exceed at least 10000000, assuming the width of one set of double peaks' base to be 6 scans including only one or two plugs.
The cause of these abnormal plate numbers appeared to be due to suppressing interference by DMF on the EI + ionization. Therefore, the actual theoretical plates should be estimated as being much lower than the above calculations, obtained without taking into account any inhibition of the threshold level.
Conclusion
Alternative plugs flow liquid chromatography (APFLC) is most effective when applying both a T-shaped flow path and aqueous organic solvents under conditions where the liquid-to-gas volume ratio (β) is between 0.0006 and 0.004 in a siliconecoated open tubular GC capillary column at below 70 C.
Since APFLC is induced at a liquid contact angle with a solid phase of above 75 , the lowest contact angle that allows plugs flow, an aqueous-organic solvent with a liquid surface tension (γL) of above 42.8 mN m -1 can be effectively used for APFLC if a non-polar silicone resin column is employed. Therefore, solvents with a γL of 25 mN m -1 or more, such as acetonitrile, methanol and ethanol, are usable as dilute aqueous mixtures.
The use of a T-shaped flow path enables APFLC by employing a mixed solvent as the liquid phase. Generation of plugs flow with extremely short time intervals, such as 2.9 plugs per second, was confirmed. In the separation of 2,4,6-TBP by water plugs flow with 32 plugs min -1 (0.5 plugs s -1 ) at 50 C, about 600000 theoretical plates with the correct mass pattern were observed. High density plugs flow of as many as 78 plugs min -1 (1.3 plugs s -1 ) was observed for abnormal large theoretical plates. The high-resolution capability of APFLC was confirmed at a column temperature of 50 C and with a capillary column for GC.
A new solid phase made from a hydrocarbon resin can solve the problem of the hydrolytic degradation of silicone resin. According to the graph, polystyrene, PP, PE, PIB and their copolymers are capable of being used in the 2PFC system as capillary column coatings with cross-linking modifications.
If a digitally-controlled automatic nano-flow device equipped with an injection technique for nano-scale plugs generation with a solvent graduation mechanism and an appropriately modified EI mass detection method can be assembled, a multi-purpose digitally controlled 2PFC system with reproducible absolute separation at extremely high resolution without the need for derivatization procedures can be realized.
